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Supplementary Note 1: Optically isotropic response of the silicon nanodisk array 

The silicon nanodisk array can be expressed as a Jones matrix 𝐑 in Cartesian coordinates as 

𝐑 ൌ ቀ
𝑟୶୶ 𝑟୶୷
𝑟୷୶ 𝑟୷୷

ቁ,         (1) 

where the x-axis and y-axis are in the plane of the silicon nanodisk array while the z-axis is normal to it. The 

input state 𝐈 and the output state 𝐎 of light can be expressed in terms of certain x, y bases as 

𝐈 ൌ ൬
𝑖୶
𝑖୷

൰ , 𝐎 ൌ ቀ
𝑜୶
𝑜୷

ቁ.         (2) 

Their relation is given by 𝐎 ൌ 𝐑𝐈. Moreover, the C4 operation matrix with respect to the z-axis can be expressed 

as  

𝐂 ൌ ൬
cos 2𝜋/4 sin 2𝜋/4

െsin 2𝜋/4 cos 2𝜋/4൰.       (3) 

By applying 𝐂 to the input and output states of light, we can obtain a new input state 𝐈ᇱ ൌ 𝐂𝐈 and a new output 

state 𝐎′ ൌ 𝐂𝐎. As the nanodisk array satisfies the C4 symmetry, the relation of 𝐎′ ൌ 𝐑𝐈′ is satisfied for the new 

input and output states. Then, the relation of 𝐂𝐎 ൌ 𝐑𝐂𝐈 can be deduced from the above equations. Further 

taking the relation of 𝐎 ൌ 𝐑𝐈 into consideration, we can obtain 𝐂ି𝟏𝐑𝐂 ൌ 𝐑. By solving this matrix equation, 

we find 𝑟௫௫ ൌ 𝑟௬௬ and 𝑟௫௬ ൌ െ𝑟௬௫. Additionally, the silicon nanodisk array also satisfies the mirror symmetry 

with respect to the y-axis, such that its operation matrix can be expressed as 

𝑴୷ ൌ ቀെ1 0
0 1

ቁ.         (4) 

Similar to the deduction of the C4 symmetry, we obtain 𝐌୷
ି𝟏𝐑𝐌୷ ൌ 𝐑. By solving this matrix equation, we 

obtain 𝑟୶୷ ൌ 0 and 𝑟୷୶ ൌ 0. Taking all the above calculations into consideration, the Jones matrix 𝐑 of the 

silicon nanodisk array can be rewritten as  

𝐑 ൌ ൬
𝑟୶୶ 0
0 𝑟୶୶

൰.         (5) 



Therefore, the silicon nanodisk array is optically isotropic. 

 

Supplementary Note 2: Dark mode excited in the silicon nanodisk array 

We designed and simulated the dark mode excited in the silicon nanodisk array by using a commercial finite-

element-method (FEM) software kit (COMSOL Multiphysics). We defined incident RCP or LCP light by 

introducing a 90˚ or -90˚ phase shift between the x-component and y-component of the electric field via port 

boundary conditions. Also, we used periodic boundary conditions to define an area as large as the unit cell of the 

silicon nanodisk array. The silicon nanodisk array was defined as being immersed in an alpha-pinene solution 

on a 2-µm-thick buried oxide layer on a silicon substrate. The refractive indices of the alpha-pinene solution and 

the buried-oxide layer were set to be 1.465 and 1.45, respectively. The refractive index of the silicon used in the 

simulation came from a report by Vuye et al.1. The simulated electric-field and magnetic-field distributions of 

the excited dark mode in the silicon nanodisk array at the wavelength of 532 nm are shown in Fig. 1f and Fig. 

1e, respectively. The black arrows indicate the directions of the electric fields while the white arrows indicate 

the directions of the magnetic fields. It is evident in Fig. 1f that two electric-field vortices with opposite directions 

are generated in the nanodisk at a slice which is parallel to the nanodisk array. The electric-field vortices with 

opposite directions induce magnetic fields with opposite directions at a slice vertical to the nanodisk array as 

shown in Fig. 1e. The induced magnetic fields form a vortex that corresponds to a toroidal dipole. The destructive 

interference between the toroidal dipole and electric dipole induced in the nanodisk is the excited dark mode2. 

The dark mode partially cancels light scattering in the far field while it maintains the near-field excitation, which 

corresponds to the reflection valley and the near-field enhancement of the silicon nanodisk array as shown in 

Fig. 1a. 

 

Supplementary Note 3: Chiral-field-enhanced ROA of chiral molecules 

The electric dipole moment and magnetic dipole moment of a chiral molecule in an electromagnetic field is 

given by3 

𝜇஑ ൌ 𝛼஑ஒ𝐸ஒ ൅ 𝛼′஑ஒ𝐸ሶஒ ൅
ଵ

ଷ
𝐴஑,ஒஓ∇ஒ𝐸ஓ ൅

ଵ

ଷ
𝐴′஑,ஒஓ∇ஒ𝐸ሶஓ െ 𝑖𝐺஑ஒ𝐵ஒ െ 𝑖𝐺ᇱ

஑ஒ𝐵ሶஒ ൅ ⋯,    (6) 



𝑚஑ ൌ 𝜒஑ஒ𝐵ஒ ൅ 𝜒′஑ஒ𝐵ሶஒ ൅ 𝑖𝐺஑ஒ𝐸ஒ ൅ 𝑖𝐺ᇱ
஑ஒ𝐸ሶஒ ൅

ଵ

ଷ
𝐷஑,ஒஓ∇ஒ𝐸ஓ ൅

ଵ

ଷ
𝐷′஑,ஒஓ∇ஒ𝐸ሶஓ ൅ ⋯,    (7) 

where 𝛼஑ஒ, 𝜒஑ஒ, 𝐴஑,ஒஓ, 𝐺஑ஒ, 𝐷஑,ஒஓ, 𝐸ஒ, and 𝐵ஒ are the electric polarizability, magnetic susceptibility, electric 

dipole-electric quadrupole polarizability, electric dipole-magnetic dipole polarizability, magnetic dipole-electric 

quadrupole polarizability, electric field, and magnetic field, respectively. The Einstein notations are used to 

express the above equations. If we omit the high-order terms and rewrite the electric and magnetic dipole 

moments as complex vectors, Eqs. (6) and (7) can be written as  

𝛍෥ ൌ 𝛼෤𝐄෨ ൅
ଵ

ଷ
𝐴ஓ෪𝛁𝐸ஓ෪ െ 𝑖𝐺෨𝐁෩,        (8) 

𝐦෥ ൌ 𝜒෤𝐁෩ ൅ 𝑖𝐺෨𝐄෨.         (9) 

As Raman scattering consists of two processes, namely, the excitation process and the radiation process, the 

electric and magnetic dipole moments that correspond to the above two processes can be described as follows. 

For the excitation process, the electric and magnetic dipole moments can be written as  

𝛍෪ୣ ൌ 𝛼෪ୣ𝐄෪ୣ ൅
ଵ

ଷ
𝐴ஓ
෪ୣ𝛁𝐸ஓ

෪ୣ െ 𝑖𝐺෪ୣ𝐁෪ୣ ,       (10) 

𝐦෪ୣ ൌ 𝜒෪ୣ𝐁෪ୣ ൅ 𝑖𝐺෪ୣ𝐄෪ୣ,        (11) 

where the superscript e indicates the physical variables of the excitation process. For the excitation rate 𝑅ୣ of 

Raman scattering, we have 

𝑅ୣ ∝ 〈𝐄ୣ ∙ 𝛍ሶୣ ൅ 𝐁ୣ ∙ 𝐦ୣሶ 〉 ൌ
ఠ౛

ଶ
ቀ𝐄෪ୣ

∗
∙ 𝛍෪ୣ෣ ൅ 𝐁෪ୣ

∗
∙ 𝐦෪ୣ෣ ቁ,     (12) 

where the brackets indicate average values over time, 𝐄ୣ, 𝐁ୣ, 𝛍ୣ, and 𝐦ୣ are the time-dependent real parts 

of 𝐄෪ୣ, 𝐁෪ୣ ,  𝛍෪ୣ, and 𝐦෪ୣ , respectively, 𝜔ୣ is the angular frequency, and the hat indicates the time-dependent 

imaginary part of each parameter. By substituting Eqs. (10) and (11) into Eq. (12), the excitation rate can be 

written as 

𝑅ୣ ∝
ఠ౛

ଶ
ቂ𝛼෢ୣห𝐄෪ୣห

ଶ
൅

ଵ

ଷ
𝐄෪ୣ

∗
∙ 𝐴ஓ

෢ୣ𝛁𝐸ஓ
෪ୣ ൅ 𝜒෢ୣห𝐁෪ୣห

ଶ
ቃ ൅ 𝜔ୣ𝐺෢ୣ ቀ𝐄෪ୣ

∗
∙ 𝐁෪ୣ෣ ቁ,     (13) 

where 𝛼෢ୣ , 𝐴ஓ
෢ୣ , 𝜒෢ୣ  and 𝐺෢ୣ   are the time-dependent imaginary parts of 𝛼෪ୣ , 𝐴ஓ

෪ୣ , 𝜒෪ୣ  and 𝐺෪ୣ  . Based on the 

definition of optical chirality, the optical chirality of the electromagnetic field in the excitation process 𝐶ୣ is 

given by 

𝐶ୣ ൌ
ఌబ

ଶ
𝐄ୣ ∙ 𝛁 ൈ 𝐄ୣ ൅

ଵ

ଶఓబ
𝐁ୣ ∙ 𝛁 ൈ 𝐁ୣ.         (14) 



Using the Maxwell equations, 𝛁 ൈ 𝐄ୣ ൌ 𝑖𝜔ୣ𝐁ୣ  and 𝛁 ൈ 𝐁ୣ ൌ െ𝑖𝜔ୣ𝜇଴𝜀଴𝐄ୣ , the optical chirality can be 

rewritten as  

𝐶ୣ ൌ
ఌబ

ଶ
൫𝐁ሶୣ ∙ 𝐄ୣ െ 𝐄ሶୣ ∙ 𝐁ୣ൯ ൌ

ఌబఠ

ଶ
ቀ𝐄෪ୣ

∗
∙ 𝐁෪ୣ෣ ቁ.       (15) 

By substituting Eq. (15) into Eq. (13), the excitation rate is found to be  

𝑅ୣ ∝
ఠ౛

ଶ
ቂ𝛼෢ୣห𝐄෪ୣห

ଶ
൅

ଵ

ଷ
𝐄෪ୣ

∗
∙ 𝐴ஓ

෢ୣ𝛁𝐸ஓ
෪ୣ ൅ 𝜒෢ୣห𝐁෪ୣห

ଶ
ቃ ൅

ଶ஼౛ீ౛෢

ఌబ
.      (16) 

If we express the middle term in the brackets as 
ଵ

ଷ
𝐄෪ୣ

∗
∙ 𝐴ஓ

෢ୣ𝛁𝐸ஓ
෪ୣ ൌ 𝑇ୱ

ୣ ൅ 𝑇ୟୱ
ୣ , where 𝑇ୱ

ୣ is the chirally symmetric 

part while 𝑇ୟୱ
ୣ  is the chirally antisymmetric part, Eq. (16) can be expressed as  

𝑅ୣ ∝
ఠ౛

ଶ
ቀ𝛼෢ୣห𝐄෪ୣห

ଶ
൅ 𝑇ୱ

ୣ ൅ 𝜒෢ୣห𝐁෪ୣห
ଶ

ቁ ൅
ఠ౛

౗்౩
౛

ଶ
൅

ଶ஼౛ீ౛෢

ఌబ
，      (17) 

where the first term on the right side is chirally symmetric while the last two terms are chirally antisymmetric.  

Thus, for a chiral molecule, its excitation rates with opposite optical chirality values can be expressed as  

𝑅ା
ୣ ∝

ఠ౛

ଶ
ቀ𝛼෢ୣห𝐄෪ୣห

ଶ
൅ 𝑇ୱ

ୣ ൅ 𝜒෢ୣห𝐁෪ୣห
ଶ

ቁ ൅
ఠ౛

౗்౩
౛

ଶ
൅

ଶ஼౛ீ౛෢

ఌబ
，     (18) 

𝑅ି
ୣ ∝

ఠ౛

ଶ
ቀ𝛼෢ୣห𝐄෪ୣห

ଶ
൅ 𝑇ୱ

ୣ ൅ 𝜒෢ୣห𝐁෪ୣห
ଶ

ቁ െ
ఠ౛

౗்౩
౛

ଶ
െ

ଶ஼౛ீ౛෢

ఌబ
.      (19) 

For the radiation process, the electric and magnetic dipole moments can be written as  

𝛍୰෪ ൌ 𝛼୰෪𝐄୰෪ ൅
ଵ

ଷ
𝐴ஓ

୰෪𝛁𝐸ஓ
୰෪ െ 𝑖𝐺୰෪𝐁୰෪,        (20) 

𝐦୰෪ ൌ 𝜒୰෪𝐁୰෪ ൅ 𝑖𝐺୰෪𝐄୰෪,         (21) 

where the superscript r indicates the physical variables of the radiation process. For the radiation rate 𝑅୰ of 

Raman scattering, we have 

𝑅୰ ∝ 〈𝐄୰ ∙ 𝛍୰ሶ ൅ 𝐁୰ ∙ 𝐦୰ሶ 〉 ൌ
ఠ౨

ଶ
ቀ𝐄୰෪∗

∙ 𝛍୰෪෣ ൅ 𝐁୰෪∗
∙ 𝐦୰෪෣ ቁ.      (22) 

As Eq. (22) has an identical mathematical form to Eq. (12), we can obtain the radiation rate by following the 

similar deduction from Eq. (13) to Eq. (16). Then, the radiation rate can be expressed as 

𝑅୰ ∝
ఠ౨

ଶ
ቀ𝛼୰෢ห𝐄୰෪ห

ଶ
൅

ଵ

ଷ
𝐄୰෪∗

∙ 𝐴ஓ
୰෢𝛁𝐸ஓ

୰෪ ൅ 𝜒୰෢ห𝐁୰෪ห
ଶ

ቁ ൅
ଶ஼౨ீ౨෢

ఌబ
.     (23) 

Since Raman scattering is a two-step process, it is necessary to define the radiation step based on the excitation 

step. For the excitation rate of 𝑅ା
ୣ , we define 𝐶ା

୰  as the optical chirality of the radiation and define 
ଵ

ଷ
𝐄ା

୰෪ ∗
∙



𝐴ஓା
୰෢ 𝛻𝐸ஓା

୰෪ ൌ 𝑇ା as the radiation contribution from the electric dipole-electric quadrupole polarizability. For the 

excitation rate of 𝑅ି
ୣ , we define 𝐶ି

୰  as the optical chirality of the radiation and define 
ଵ

ଷ
𝐄ି

୰෪ ∗
∙ 𝐴ஓି

୰෢ 𝛻𝐸ஓି
୰෪ ൌ 𝑇  

as the radiation contribution from the electric dipole-electric quadrupole polarizability. Thus, the radiation rates 

for the excitation rates of 𝑅ା
ୣ  and 𝑅ି

ୣ  can be written respectively as 

𝑅ା
୰  ∝

ఠ౨

ଶ
ቀ𝛼୰෢ห𝐄୰෪ห

ଶ
൅ 𝑇ା ൅ 𝜒୰෢ห𝐁୰෪ห

ଶ
ቁ ൅

ଶ஼శ
౨ ீ౨෢

ఌబ
，      (24) 

𝑅ି
୰  ∝

ఠ౨

ଶ
ቀ𝛼୰෢ห𝐄୰෪ห

ଶ
൅ 𝑇 ൅ 𝜒୰෢ห𝐁୰෪ห

ଶ
ቁ ൅

ଶ஼ష
౨ ீ౨෢

ఌబ
.       (25) 

Then, the ROA intensity is found to be  

𝑅ା
ୣ 𝑅ା

୰ െ 𝑅ି
ୣ 𝑅ି

୰ ∝ ቂ
ఠ౛

ଶ
ቀ𝛼෢ୣห𝐄෪ୣห

ଶ
൅ 𝑇ୱ

ୣ ൅ 𝜒෢ୣห𝐁෪ୣห
ଶ

ቁ ൅
ఠ౛

౗்౩
౛

ଶ
൅

ଶ஼౛ீ౛෢

ఌబ
ቃ ቂ

ఠ౨

ଶ
ቀ𝛼୰෢ห𝐄୰෪ห

ଶ
൅ 𝑇ା ൅ 𝜒୰෢ห𝐁୰෪ห

ଶ
ቁ ൅

ଶ஼శ
౨ ீ౨෢

ఌబ
ቃ െ

ቂ
ఠ౛

ଶ
ቀ𝛼෢ୣห𝐄෪ୣห

ଶ
൅ 𝑇ୱ

ୣ ൅ 𝜒෢ୣห𝐁෪ୣห
ଶ

ቁ െ
ఠ౛

౗்౩
౛

ଶ
െ

ଶ஼౛ீ౛෢

ఌబ
ቃ ቂ

ఠ౨

ଶ
ቀ𝛼୰෢ห𝐄୰෪ห

ଶ
൅ 𝑇 ൅ 𝜒୰෢ห𝐁୰෪ห

ଶ
ቁ ൅

ଶ஼ష
ೝீೝ෢

ఌబ
ቃ.   (26) 

To understand the underlying physics of chiral-field-enhanced ROA, we need to consider Eq. (26) under some 

approximations for simplification. For most chiral molecules in a chiral field with a strong enhancement of 

optical chirality, especially for those composed of idealized axially symmetric bonds5, the signal intensity 

contribution from the electric-field gradient 𝜔𝑇 is much smaller than that from the optical chirality 2𝐶𝐺෠/𝜀଴. 

Moreover, for non-magnetic chiral molecules, 𝜒̂ห𝐁෩ห
ଶ
  is much smaller than 𝛼ොห𝐄෨ห

ଶ
 . Thus, Eq. (26) can be 

simplified to 

𝑅ା
ୣ 𝑅ା

୰ െ 𝑅ି
ୣ 𝑅ି

୰ ∝ ൤
ఠ౛ఈ౛෢ ห𝐄౛෪ ห

మ

ଶ
൅

ଶ஼౛ீ౛෢

ఌబ
൨ ൤

ఠ౨ఈ౨෢ห𝐄౨෪ห
మ

ଶ
൅

ଶ஼శ
౨ ீ౨෢

ఌబ
൨ െ ൤

ఠ౛ఈ౛෢ ห𝐄౛෪ห
మ

ଶ
െ

ଶ஼౛ீ౛෢

ఌబ
൨ ൤

ఠ౨ఈ౨෢ ห𝐄౨෪ห
మ

ଶ
൅

ଶ஼ష
౨ ீ౨෢

ఌబ
൨. (27) 

If we expand the right-hand side of the equation, it can be expressed as  

𝑅ା
ୣ 𝑅ା

୰ െ 𝑅ି
ୣ 𝑅ି

୰ ∝ 2
ଶ஼౛ீ౛෢

ఌబ

ఠ౨ఈ౨෢ห𝐄౨෪ห
మ

ଶ
൅

ఠ౛ఈ౛෢ ห𝐄౛෪ ห
మ

ଶ
ቂ

ଶ஼శ
౨ ீ౨෢

ఌబ
െ

ଶ஼ష
౨ ீ౨෢

ఌబ
ቃ ൅

ଶ஼౛ீ౛෢

ఌబ
ቂ

ଶ஼శ
౨ ீ౨෢

ఌబ
൅

ଶ஼ష
౨ ீ౨෢

ఌబ
ቃ.  (28) 

This equation can be approximated as 

𝑅ା
ୣ 𝑅ା

୰ െ 𝑅ି
ୣ 𝑅ି

୰ ∝ 2
ଶ஼౛ீ౛෢

ఌబ

ఠ౨ఈ౨෢ ห𝐄౨෪ห
మ

ଶ
൅

ఠ౛ఈ౛෢ ห𝐄౛෪ห
మ

ଶ
ቂ

ଶ஼శ
౨ ீ౨෢

ఌబ
െ

ଶ஼ష
౨ ீ౨෢

ఌబ
ቃ,     (29) 

where we have used 
ଶ஼ ෠ீ

ఌబ
≪

ఠఈෝห𝐄෨ห
మ

ଶ
. To verify that this condition for the approximation is valid, we reconsider Eq. 

(15), which relates 𝐶 with 𝐄෨. For circularly polarized light, we obtain from Eq. (15)  



𝐶 ൌ
ఠఌబห𝐄෨ห

మ

ଶ௖
.          (30) 

In addition, we have ห𝐁෩ห ൌ
ห𝐄෨ห

௖
 and 𝐺෠ห𝐁෩ห ≪ 𝛼ොห𝐄෨ห from Eq. (6) as 𝐺෠ห𝐁෩ห is a high-order term. Thus, we have 

𝐺෠ ≪ 𝑐𝛼ො. By simultaneously multiplying both the right- and left-hand sides of this relation by 
ଶ஼

ఌబ
 (where 𝐶 is 

positive based on our definition), we have  

ଶ஼ ෠ீ

ఌబ
≪

ଶ஼௖ఈෝ

ఌబ
.          (31) 

By substituting Eq. (30) into the right-hand side of Eq. (31), we have 

ଶ஼ ෠ீ

ఌబ
≪

ఠఈෝห𝐄෨ห
మ

ଶ
.          (32) 

Therefore, with this condition, 
ଶ஼౛ீ౛෢

ఌబ
ቂ

ଶ஼శ
౨ ீ౨෢

ఌబ
൅

ଶ஼ష
౨ ீ౨෢

ఌబ
ቃ in Eq. (28) is a high-order term and can be omitted. The 

first and second terms on the right-hand side of Eq. (29) correspond to incident circular polarization ROA (ICP-

ROA) and scattered circular polarization ROA (SCP-ROA), respectively. For ICP-ROA, the optical chirality 

(circular polarization) of incident light (excitation field) 𝐶ୣ  is well controlled while the optical chirality of 

Raman scattering (radiation field) 𝐶୰  needs to be scrambled3. This means that the circularly polarized 

components of Raman scattering was eliminated in our measurement, which corresponds to 
ఠ౛ఈ౛෢ ห𝐄౛෪ ห

మ

ଶ
ቂ

ଶ஼శ
౨ ீ౨෢

ఌబ
െ

ଶ஼ష
౨ ீ౨෢

ఌబ
ቃ ൌ 0. It is noted that, for all ICP-ROA measurements, one measures the scattered Raman intensities with 

either no polarization or some specified state of linear polarization without any circular or elliptical polarization 

content3. Moreover, the silicon nanodisk array also scrambles the optical chirality of Raman scattering as it 

cannot enhance but even reduce the optical chirality from the near field to the far field at the Raman scattering 

wavelength (Supplementary Fig. 1) by considering optical reciprocity. For SCP-ROA, the optical chirality 

(circular polarization) of incident light (excitation field) 𝐶ୣ needs to be scrambled while the optical chirality of 

Raman scattering (radiation field) 𝐶୰ is measured3. This means the circularly polarized components of incident 

light was eliminated in the measurement, which corresponds to 2
ଶ஼౛ீ౛෢
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ቃ in Eq. (32) can be omitted in our measurement. The measured ICP-

ROA intensity can be rewritten as  
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which means that 𝐶୰ is negligible for our ICP-ROA measurement. Therefore, Eq. (27) can be rewritten as 
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Based on Eq. (34), the circular intensity difference (CID) of the ROA can be expressed as  
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where 𝐼ୖେ୔  and 𝐼୐େ୔  are the intensities of Raman scattering excited by incident RCP and LCP light, 

respectively.  

 

Supplementary Note 4: Fabrication of the silicon nanodisk array 

Steps for fabricating the silicon nanodisk array are schematically illustrated in Fig. 2a. Firstly, a 130-nm-thick 

HSQ negative resist film was spin-coated on a silicon-on-insulator chip whose top silicon layer thickness is 180 

nm. Then, the nanodisk array pattern was defined on the resist film by electron beam lithography (EBL) with an 

exposure dose of 3500 µC/cm². After that, the chip was developed in an NMD-3 solution for 20 minutes and 

rinsed in deionized water for 5 minutes. The nanodisk array pattern was transferred to the top silicon layer via 

inductively coupled plasma by using a mixed gas of O2 and SF6 at a temperature of -70℃. Finally, the remaining 

HSQ resist was removed by using the diluted hydrofluoric acid with a concentration of 1%. 

 

Supplementary Note 5: Optical characterization of the silicon nanodisk array 

The reflection spectra of the silicon nanodisk array were obtained by using a home-made optical spectroscopy 

setup as shown in Supplementary Fig. 2. We used a broadband Tungsten-Halogen light source (Thorlabs 

SLS201L) to provide excitation light. The circular polarization state of the excitation light was controlled by 

using a linear polarizer and an achromatic quarter-wave plate. To maintain the polarization state of the excitation 

light, a low numerical aperture objective lens (Olympus UPLSAPO 10 0.40 N.A.) was used to focus the 

excitation light on the silicon nanodisk array. The silicon nanodisk array chip was immersed in a cuvette filled 

with a mixed solution of 50% (+)-alpha-pinene and 50% (-)-alpha-pinene, which provided an effective achiral 



refractive-index environment. The reflected light from the silicon nanodisk array was collected by the same 

objective lens and was then split into two beams by a beam splitter. One beam was used to image and locate the 

silicon nanodisk array on a CMOS camera via a lens. The other beam was coupled to a spectrometer via a lens 

to measure the reflection spectra of the silicon nanodisk array. 

 

Supplementary Note 6: ROA measurement by using a home-made two-phase virtual-enantiomer ROA 

setup 

We measured the ROA signals with the home-made two-phase virtual-enantiomer ROA setup as shown in Fig. 

2c. The optical setup is based on an incident circularly polarized ROA configuration4. A continuous-wave laser 

with an emission wavelength of 532 nm was used as the light source. The circular polarization state of the output 

light was realized by using a linear polarizer and a 532-nm zeroth-order quarter-wave plate. A 532-nm zeroth-

order half-wave plate mounted in a motorized flipper was used to modulate the circular polarization state of the 

output light between the LCP and RCP states by placing it in and out of the optical path. The modulated light 

passed through the hole in an off-axis parabolic mirror and was focused on samples on the silicon nanodisk array 

chip via an optical lens. Another 532-nm zeroth-order half-wave plate mounted in a motorized flipper was placed 

between the off-axis parabolic mirror and the optical lens to provide the configuration for two-phase virtual-

enantiomer measurement. In Phase I in which the half-wave plate was moved out of the optical path, the 

measured ROA signals reflected the sample’s original chirality. In Phase II in which the half-wave plate was 

moved into the optical path, the measured sample with the half-wave plate as a whole was virtually converted to 

the enantiomer of the sample. By subtracting the measured ROA signals in Phase II from those in Phase I, the 

artifacts due to the systematic offset in the optical setup was suppressed. The two-phase modulation period was 

40 times larger than the modulation period of the incident circularly polarized state. After that, the back-scattered 

light from the samples was collected by the same optical lens and reflected by the off-axis parabolic mirror. The 

reflected light then passed through a notch filter that filtered its Rayleigh scattering component and a 561-nm 

rotating zero-order half-wave plate that averaged its linear polarizations to zero over time. Finally, the remaining 

light entered a spectrometer with a cooled charge-coupled device detector where the Raman spectra of the 

samples were measured. The ROA signals were obtained by subtracting the accumulative Raman spectra excited 



by the incident LCP light from those excited by the incident RCP light. All the optical components and the 

measured data were controlled, synchronized, tracked, and saved by using NI Labview software. Additionally, 

there was another assistant optical branch used to locate on the chip, mainly comprising a halogen lamp for 

illumination and a CMOS camera for imaging. The two beam splitters were used to guide the illumination light 

for imaging, which could be moved out from the optical path for ROA measurements. 

 

Supplementary Note 7: Raman and ROA enhancement factors achieved by the silicon nanodisk array 

To quantify the Raman and ROA enhancement factors achieved by the silicon nanodisk array, we picked up all 

the Raman and ROA peaks of (±)-alpha-pinene in Fig. 3a and Fig. 3b and calculated their enhancement factors. 

The results of our direct measurements that include the near-field and far-field contributions to the Raman and 

ROA spectra are shown in Supplementary Fig. 3. For (±)-tartaric-acid, the results are shown in Supplementary 

Fig. 5. With linear fitting shown in Supplementary Fig. 4, an average Raman signal ratio between the silica 

substrate and silicon nanodisk array was found to be 1.65 while an average ROA signal ratio between the silica 

substrate and silicon nanodisk array was found to be 1.61. The similar average signal ratios for the Raman and 

ROA signals means that the CID value for the enhanced ROA signal is similar to the CID value for the 

unenhanced ROA signal. This indicates an efficient conversion of the optical chirality of the incident light to the 

near field for enhanced ROA excitation, which agrees well with our analysis in Supplementary Section 9. The 

signal ratios were obtained by measuring 25-μm-thick (±)-alpha-pinene layers prepared by immersing our 725-

μm-thick chip into a cuvette with an optical path length of 0.75 mm. It is important to note that it is technically 

difficult to prepare an ultrathin alpha-pinene (volatile liquid) film with the thickness of the near-field region 

(~250 nm) that is perfectly sealed on our chip and does not evaporate in the long-time measurement (several 

hours) for directly measuring the near-field Raman and ROA signals. Based on the above experimentally 

measured signal ratios, their enhancement factors in the near-field region can be estimated by using the following 

equation: 

ሺ௏౤ି௏ౚሻ୉୊ା௏౪ି௏౤

௏౪ି௏ౚ
ൌ 𝑅ୱ,         (36) 

where 𝑉୬ is the volume of the near-field region, 𝑉  is the volume of the silicon nanodisk array in the near-field 



region, 𝑉୲ is the total volume of the sample, EF is the enhancement factor in the near-field region, 𝑅ୱ is the 

signal ratio for the total volume of the sample between the two substrates. In our case, based on the electric-field 

distribution, the near-field region for the silicon nanodisk array is a 250-nm-thick layer on the silica substrate. 

Thus, 𝑉୬ ൌ ሺ0.25 μmሻ𝑆, where 𝑆 is the optical illumination area. As the height of the silicon nanodisk array is 

180 nm while its filling factor in the layer is 0.577, 𝑉 ൌ ሺ0.18 μmሻ𝑆 ൈ 0.577 ൌ ሺ0.10 μmሻ𝑆. For the 25-μm-

thick samples, 𝑉୲ ൌ ሺ25 μmሻ𝑆. Based on the above values and 𝑅ୱ ൌ 1.61 for the average Raman signal ratio, 

the Raman enhancement factor EF in the near-field region is found to be 109. Similarly, the ROA enhancement 

factor EF in the near-field region is found to be 102. Therefore, the ROA enhancement factor in the near-field 

region achieved by the silicon nanodisk array is ~102. In order to compare the experimental results with the 

theoretical results, we calculated the theoretical Raman and ROA enhancement factors in the near-field region. 

Based on Eq. (35), the theoretical Raman enhancement factor at a specific point in the near-field region is found 

to be  
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where the subscript 0 indicates the physical variables without the chiral-field enhancement. The theoretical 

Raman enhancement factor in the near-field region can be analytically calculated to be  
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It is noted that ቚ
𝐄౨෪

𝐄బ
౨෪ቚ

ଶ
 which corresponds to the near-field enhancement is approximately equal to the far-field 

radiation enhancement at the excitation wavelength of Raman scattering due to the optical reciprocity theorem.  

Based on this equation, the theoretical Raman enhancement factor in the near-field region is estimated to be 93, 

which is on the order of ~102 and agrees with our experimental result. Similarly based on Eq. (34), the theoretical 

ROA enhancement factor at a specific point in the near-field region is found to be  
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It is evident from Eq. (39) that the silicon nanodisk array works as a chiral-field generator to enhance the chiral 

light-molecule interaction to enhance the Raman intensity difference between LCP and RCP excitation in the 



excitation process while it works as an optical antenna to enhance the far-field radiation to further enhance the 

Raman intensity difference between LCP and RCP excitation in the radiation process. The theoretical ROA 

enhancement factor in the near-field region can be analytically calculated by  
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Based on this equation, the theoretical ROA enhancement factor in the near-field region is estimated to be 102, 

which is also on the order of ~102 and agrees with our experimental result. To further verify the theoretical ROA 

enhancement factor, we also evaluate the theoretical dissymmetric factor in the silicon nanodisk array, which 

determines the enhancement factor of the CID. As the estimated dissymmetric factor in the silicon nanodisk 

array is ~1 (Supplementary Note 8), the CID enhancement factor is ~1, which means the theoretical ROA 

enhancement factor is almost identical to the theoretical Raman enhancement factor, which also agrees well with 

the above result. 

 

Supplementary Note 8: Dissymmetric factor achieved by the silicon nanodisk array 

The dissymmetric factor indicates the strength of chiral light-matter interaction based on intensity-normalized 

light, which excludes the influence of light intensity by normalization. This parameter predominantly determines 

the CID of ROA measurements. Based on Eq. (35), we have 
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As 𝐺෢ୣ , 𝜀଴, 𝛼෢ୣ, and 𝜔ୣ are constants for a molecule excited by light with a fixed frequency, the normalized 

circular excitation rate difference 
ோశିோష

ோశାோష
 is determined by 𝐶ୣ/ห𝐄෪ୣห

ଶ
 and ends up as the dissymmetric factor 𝑔. 

Therefore, the dissymmetric factor 𝑔  is the optical chirality normalized to the light intensity, which is a 

parameter that quantifies the chiral light-matter interaction strength by the intensity-normalized incident light. 

Based on the above analysis, with incident RCP light as an example, we calculated the distribution of 

dissymmetric factor 𝑔/|𝑔େ୔୐| , which is normalized to the dissymmetric factor of the free-space circularly 

polarized light in a unit cell of the silicon nanodisk array. The result is shown in Supplementary Fig. 6. It is 

evident that even though the incident circularly light is converted and confined to the near field, its structure for 



chiral light-matter interaction is not decayed. We further calculated the average dissymmetric factor in the near-

field region by using 
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From the equation, we obtained 𝑔ୟ ൌ 1.3, which is on the order of ~1. Thus, the normalized circular excitation 

rate difference of a chiral molecule in the near-field region of the silicon nanodisk array is similar to that in the 

region illuminated by the free-space circularly polarized light. Therefore, the CID of the chiral-field enhanced 

ROA by the silicon nanodisk array should be similar to that without the enhancement, which agrees well with 

our experimental results. Additionally, this 𝑔ୟ value of the silicon nanodisk array indicates its high efficiency 

for the optical-chirality transfer from the far field to the near field by using the dark mode. 

 

Supplementary Note 9: Photothermal heating in the silicon nanodisk array 

To show low photothermal heating in the silicon nanodisk array in comparison with its plasmonic counterpart, 

we used the finite element method (FEM) to simulate temperature distributions of both the silicon nanodisk array 

and its plasmonic counterpart with an identical incident power density of 5 mW/μm2 in a thermal equilibrium 

state. The wavelength of the incident light is 532 nm while the environmental temperature is 25 ℃. The 

plasmonic counterpart has an identical geometric structure to that of the silicon nanodisk array, but is made of 

silver. It is evident from the simulation result shown in Supplementary Fig. 7 that the silicon nanodisk array has 

a lower temperature than its plasmonic counterpart under the identical experimental conditions, which verifies 

the relatively low photothermal heat generation in the silicon nanodisk array. 



 
Supplementary Fig. 1 | Effects in the near-field region. a, Average optical activity (RCP excitation) in the 

near-field region on the silicon nanodisk array as a function of wavelength (Raman shift), normalized by the 

optical chirality of incident CPL in the far field. b, Averaged square of the electric-field magnitude in the near-

field region on the silicon nanodisk array as a function of wavelength (Raman shift), normalized by the square 

of the electric-field magnitude of incident CPL in the far field. 

 

 

Supplementary Fig. 2 | Schematic of the reflection spectroscopy setup. OL: Objective lens. QWP: Quarter-

wave plate. BS: Beam splitter. LS: Light source. LP: Linear polarizer. CC: CMOS camera.  



 

Supplementary Fig. 3 | Measured Raman and ROA spectra of (±)-alpha-pinene. a, Raman spectra of (±)- 

alpha-pinene on the silica substrate. b, Raman spectra of (±)-alpha-pinene on the silicon nanodisk array. c, ROA 

spectra of (±)-alpha-pinene on the silica substrate. d, ROA spectra of (±)-alpha-pinene on the silicon nanodisk 

array.  



 

Supplementary Fig. 4 | Experimentally measured Raman and ROA signal ratios of (±)-alpha-pinene 

between the silica substrate and silicon nanodisk array. a, Ratios of the Raman peaks of (±)-alpha-pinene. b, 

Ratios of the ROA peaks of (±)-alpha-pinene. 

  



 

 

Supplementary Fig. 5 | Measured Raman and ROA spectra of (±)-tartaric acid. a, Raman spectra of (±)-

tartaric acid on the silica substrate. b, Raman spectra of (±)-tartaric acid on the silicon nanodisk array. c, ROA 

spectra of (±)-tartaric acid on the silica substrate. d, ROA spectra of (±)-tartaric acid on the silicon nanodisk 

array. 

 



 

Supplementary Fig. 6 | Dissymmetric factor distribution in a unit cell of the silicon nanodisk array. 

 

 

Supplementary Fig. 7 | Temperature distributions of the silicon nanodisk array and its plasmonic 

counterpart with an identical incident power density of 5 mW/μm2 in a thermal equilibrium state. 
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